The reaction of 1,4-dimethyl-1,4,7-triazacyclononane (L-Me 2 ) with MnCl 2 AE 4H 2 O in acetonitrile gives, in the presence of sodium formate, hydrogen peroxide, triethylamine and KPF 6 , the dinuclear Mn(III)-
Introduction
Manganese complexes containing macrocyclic ligands with three nitrogen-donor atoms have found much interest as model complexes for biologically active systems [1] . In particular, the coordination chemistry of 1,4,7-triazacyclononane and its derivatives has been pioneered by K. Wieghardt in the 1980s. Thus, 1,4,7-triazacyclononane (L) and 1,4,7-trimethyl-1,4,7-triazacyclononane (L-Me 3 ) were found to react with manganese(III) acetate to give the dinuclear manganese (III) 2 ] 3+ has been described by Wieghardt as model complexes for the active centre of photosystem II [6] . Dinuclear Mn(II)-Mn(III) bis-acetato complexes with 1,4,7-triazacyclononane derived ligand have been reported by Hendrickson et al. [7] .
After the discovery of the catalytic activity of these and other Mn(III) and Mn(IV) complexes containing 1,4,7-triazacyclononane derived ligands for low-temperature bleaching [8] , the catalytic oxidation potential of this type of complexes has been demonstrated for the oxidation of phenols [9] and sulfides [10] , as well as for the cis-hydroxylation [11] and for the epoxidation [12, 13] [14, 15] , so that even alkanes, including ethane and methane could be oxidised with hydrogen peroxide in acetonitrile [16, 17] or water [18] . The importance of a carboxylate buffer for this catalyst was also demonstrated a few years later for the oxidation of benzylic groups [19] . [20, 21] .
Whereas the methyl substituents in L-Me 3 can be replaced by other alkyl groups without much change in the coordination chemistry [22] , replacing only one of the three methyl groups for hydrogen inhibits the formation of the Mn 2 (O) 3 core [23] . Thus, with the ligand 1,4-dimethyl-1,4,7-triazacyclononane (L-Me 2 ) only the Mn(III)-
2+ has been postulated without being isolated and characterised [23] .
Herein we report a straight-forward synthesis for dinuclear Mn(III)-Mn(III) and Mn(III)-Mn(IV) complexes containing L-Me 2 ligands as well as carboxylatoand oxo-bridges, including the isolation and X-ray characterisation of the postulated [23] 2+ is also reported [23] . The catalytic oxidation properties of these complexes are discussed.
Experimental

General remarks
All reactions were carried out by standard Schlenk techniques under nitrogen atmosphere. Organic solvents were degassed and saturated with nitrogen prior to use. Infrared spectra were recorded using a Perkin-Elmer Spectrum One spectrophotometer. Micro analyses were performed by the Laboratory of Pharmaceutical Chemistry, University of Geneva (Switzerland). The starting compound 1,4-dimethyl-1,4,7-triazacyclononane (L-Me 2 ) was prepared according to the published method [24] . Manganese(II) chloride dihydrate, sodium formate monohydrate, sodium acetate trihydrate, sodium benzoate, potassium hexafluorophosphate, p-toluenesulfonic acid monohydrate, hydrogen peroxide (30 wt% solution in water) and triethylamine were purchased from Acros, Aldrich or Fluka and were used without further purification.
General synthetic procedure
In a 50 ml Schlenk tube, a mixture of L-Me 2 (157.3 mg, 1.00 mmol) and p-toluenesulfonic acid monohydrate (190.2 mg, 1.00 mmol) was dissolved in 15 mL of acetonitrile. To this clear light-yellow solution, solid MnCl 2 AE 4 H 2 O (198 mg, 1.00 mmol) was added under vigorous stirring. The mixture was treated with ultrasound (10-15 min) and then stirred for half an hour. Then, KPF 6 (276 mg, 1.50 mmol) and the corresponding sodium carboxylate (1: HCOONa AE H 2 O, 129 mg, 1.50 mmol; 2: C 6 H 5 COONa, 216 mg, 1.50 mmol; 3: CH 3 COONa AE 3 H 2 O, 68 mg, 0.50 mmol; 4: CH 3 COONa AE 3 H 2 O, 204 mg, 1.50 mmol) were added to the slurry. After stirring at 45°C for 20 min, the suspension was cooled to 0°C, before 5 mL of an acetonitrile solution of H 2 O 2 (102 lL, 1.0 mmol) and of triethylamine (278 lL, 2.0 mmol) was added. Then the green-brown suspension was stirred at Scheme 1. Triazacyclononane ligands and dinuclear manganese complexes containing the trimethyl derivative.
20°C for 2 h. After filtration through celite and washing with 2 ml of acetone, the volume of the filtrate was reduced to 3 mL in vacuo, and 3 mL of water was added. The dark solution was again concentrated in vacuo without heating, until a solid precipitated. The product was filtered off, washed with ethanol, ether and dried under vacuum. Single crystals suitable for X-ray analysis were grown from an acetone solution into which the ether was allowed to slowly diffuse within 48 h.
[ [25] . The refinement and all further calculations were carried out using SHELXL-97 [26] . In all compounds the hydrogen atoms have been included in calculated positions and treated as riding atoms using the SHELXL default parameters. All non-H atoms were refined anisotropically, using weighted full-matrix least-square on F 
Catalytic runs
The oxidation of isopropanol was carried out in air in thermostated cylindrical pyrex vessels with vigorous stirring at 20.0°C. The total volume of the reaction solution was 10 mL. In a typical experiment, 512 lL of hydrogen peroxide (30% aqueous solution, 0.50 M) was added to a solution containing the catalyst (1.0 · 10 À4 M), ascorbic acid (0.01 M) or oxalic acid/disodium oxalate (0.01/ 0.01 M) and isopropanol (153 lL, 0.20 M) in water or acetonitrile. Blank experiments were carried out without a catalyst or co-catalyst.
The samples of the reaction solution were analysed by GC (chromatograph DANI-86.10; fused silica capillary column 25 m · 0.32 mm · 0.25 lm, CP-WAX52CB, integrator SP-4400, helium as carrier gas) using acetonitrile (0.190 M) as internal standard. The flame ionisation detector response factors were obtained after calibration experiments, using a standard substrate mixture. 2+ was synthesised by J. Koek et al. [23] by adding one equivalent of a strong acid to the acetonitrile solution of the triazamacrocycle prior to coordination. Presumably the monoprotonation of L-Me 2 preorganises the conformation of the macrocycle suitable for complexation.
Results and discussion
We extended this idea to the synthesis of (L-Me 2 ) 2 Mn 2 complexes containing various carboxylato bridges in the presence of p-CH 3 C 6 H 4 SO 3 H as strong acid and hydrogen peroxide as oxidant, see Scheme 2. We found that the nature of the dinuclear complexes formed depends on the nature of the carboxylate used: with formate, the Mn(III)- 2+ (4) are accessible, depending on the molar ratio of sodium acetate to manganese(II) chloride tetrahydrate.
All complexes 1-4 are paramagnetic and could be isolated as the hexafluorophosphate salts, which are well soluble in acetone and acetonitrile, but sparingly soluble in ethanol, isopropanol and water.
Green X-ray quality crystals of an acetone solution containing 4. The molecular structure of 4 is presented in Fig. 3 (3.193 (1) Å ) [34] . Interestingly, all complexes show intermolecular interactions with solvent molecules or anions, owing to the presence of an N-H moiety within the ligand L-Me 2 . Therefore, in [1][PF 6 ] 1. 5 [Cl] 0.5 AE 1.5 H 2 O, the hydrogen atoms of the two N-H amino groups interact strongly with a chloride anion, see Fig. 4 . The distances between the nitrogen atoms and the chloride anion are 3.230(7) Å with N-HÁ Á ÁCl angles of 157.0°.
In [3] [PF 6 ] 2 AE (CH 3 ) 2 CO where two crystallographically independent molecules of 3 are present per unit cell, two different intermolecular interactions are observed, see Fig. 5 . One cation of 3 interacts with a hexafluorophosphate anion, whereas the second cation forms hydrogen bonds with an acetone molecule. In the intermolecular hydrogen bonded system involving the acetone molecule, the NÁ Á ÁO distance is 2.78(1) Å with an N-HÁ Á ÁO angle Fig. 6 . The distances between the nitrogen and fluorine atoms are 3.022(6) and 3.242(6) Å (for N3) and 3.234(9) and 3.134(9) Å (for N6) with N-HÁ Á ÁF angles ranging from 127.2°to 146.1°.
We tested the catalytic potential of the complexes 1-4 for the oxidation of isopropanol with hydrogen peroxide to give acetone, see Scheme 3. The oxidation reaction was carried out in aqueous solution or in acetonitrile in the presence of ascorbic or oxalic acid as co-catalysts at 20°C. The results are shown in Figs. 7 and 8.
The highest activity was observed for complex 2 in water in the presence of oxalate buffer, the TON (catalyst turnover number, mol of products per mol of catalyst) being 124 after 1 h at 20°C, which is not as high as that of [(LMe 3 ) 2 Mn 2 (O) 3 ] 2+ , for which a TON of 848 was observed under the same conditions [18] . However, while [(L-Me 3 ) 2 Mn 2 (O) 3 ] 2+ in combination with carboxylic (typically acetic) acid as co-catalyst is more active in acetonitrile [16] than in water [18] , the complexes 1-4 are more active in aqueous solution (Fig. 8) .
The role of the co-catalyst (ascorbic or oxalic acid) is not clear, it may serve as a reducing agent and/or as a carboxylato ligand. The beneficial effect of ascorbic acid as co-catalyst has been observed in the oxidation of 2-pentanol to give 2-pentanone, catalysed by mixture of Mn(OOCCH 3 ) 2 AE 4 H 2 O and L-Me 3 in moist acetonitrile [35] . 
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